Genetic fusions of globular proteins to the epsilon subunit of the Escherichia coli ATP synthase: Implications for in vivo rotational catalysis and epsilon subunit function.
The rotational mechanism of ATP synthase was investigated by fusing three proteins from Escherichia coli, the 12-kDa soluble cytochrome b(562), the 20-kDa flavodoxin, and the 28-kDa flavodoxin reductase, to the C terminus of the epsilon subunit of the enzyme. According to the concept of rotational catalysis, because epsilon is part of the rotor a large domain added at this site should sterically clash with the second stalk, blocking rotation and fully inhibiting the enzyme. E. coli cells expressing the cytochrome b(562) fusion in place of wild-type epsilon grew using acetate as the energy source, indicating their capacity for oxidative phosphorylation. Cells expressing the larger flavodoxin or flavodoxin reductase fusions failed to grow on acetate. Immunoblot analysis showed that the fusion proteins were stable in the cells and that they had no effect on enzyme assembly. These results provide initial evidence supporting rotational catalysis in vivo. In membrane vesicles, the cytochrome b(562) fusion caused an increase in the apparent ATPase activity but a minor decrease in proton pumping. Vesicles bearing ATP synthase containing the larger fusion proteins showed reduced but significant levels of ATPase activity that was sensitive to inhibition by dicyclohexylcarbodiimide (DCCD) but no proton pumping. Thus, all fusions to epsilon generated an uncoupled component of ATPase activity. These results imply that a function of the C terminus of epsilon in F(1)F(0) is to increase the efficiency of the enzyme by specifically preventing the uncoupled hydrolysis of ATP. Given the sensitivity to DCCD, this uncoupled ATP hydrolysis may arise from rotational steps of gammaepsilon in the inappropriate direction after ATP is bound at the catalytic site. It is proposed that the C-terminal domain of epsilon functions to ensure that rotation occurs only in the direction of ATP synthesis when ADP is bound and only in the direction of hydrolysis when ATP is bound.